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Abstract 
 In this work, the wide range of properties of a photodegradable polymer are exploited to 
generate a host of different inhomogeneous arrangements that can help us experimentally study 
crack path selection problems.  The model material which we are using is a polyethylene co-
polymer, ECO, whose photosensitive behavior allows alterations in its mechanical properties 
when subjected to ultraviolet (UV) irradiation. It is seen that ECO becomes stiffer but more 
brittle upon UV irradiation. Material degradation in such polymers enables their use as an 
environmentally friendly material that can be broken into smaller nontoxic parts under small 
forces such as wind and light. This model material is then used to generate microstructures that 
possess either discrete or distributed local inhomogeneities similar to granular materials, 
i.e.,metals.  
 The first part of this literature describes the experimental work done on the three 
microstructures developed. The microstructures all exhibited the same grain properties but 
possessed varying grain boundary properties. Each microstructure was loaded in a single edge 
notch tension (SENT) configuration, and the resulting strain fields were recorded using digital 
image correlation (DIC). Depending on the applied load and the local microstructure, different 
crack paths occur, such as the main crack simply extending, or a main crack arresting and a host 
of secondary cracks appearing at critical locations. Additionally, different types of failure occur 
within the granular inhomogeneous model displaying intergranular and/or transgranular failure 
for specific hours of UV irradiation. The DIC results, correlated with global load-displacement 
measurements, shed light on the conditions under which local crack nucleation and growth can 
occur.   
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 In the second part of this work, the global load-displacement results are compared with a 
finite element model using ABAQUS. Two different models, interface and interphase, are 
created to assist in validating the experimental results. Through comparison of the global load-
displacement results with the experimental and numerical study, the different developed models 
can be seen to represent a particular microstructure. A failure criteria is also considered using 
numerical analysis by analyzing areas of high stress levels using the von Mises and Tresca yield 
criteria.  These criteria illustrate areas in which high magnitudes of stress occur and these results 
are compared with the experimental failure initiation sites.  
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Chapter 1 
Introduction 
 
1.1 Motivation and Background 
 Over the past decades, as multiscale mechanics has evolved, there has been increasing 
interest in correlating a material’s microstructure with the development of its local strain fields, 
as this is believed to provide indications of the material response at the macroscale. Thus 
understanding the local response of material microstructures has become vital towards creating 
improved materials for applications that require increased protection, strength, and durability. 
Many research efforts in the area of microstructural stain analysis have involved granular 
materials such as metals and ceramics (Hoffman et. al., 2001; Raabe et. al., 2001; Bartali et. al., 
2009; Carroll et. al., 2009; Carroll et. al., 2010; Saai et. al., 2010; Efstathiou et. al., 2010; Rehrl 
et. al., 2011). These granular materials appear homogeneous at the macroscale – length scales 
much larger than the grain size – but at the microscale they possess highly inhomogeneous 
microstructures. 
 In the past there have been several experimental techniques used to correlate material 
microstructures with the development of local strain fields, such as a combination of the optical 
technique of digital image correlation (DIC) and the microstructure analysis technique of 
electron backscatter diffraction (EBSD). DIC is a technique that produces full-field 
displacements and strain measurements by comparing a deformed image with a random speckle 
pattern applied on the surface to a reference, or undeformed, image. The DIC algorithm will not 
be described here in detail but more information on DIC can be found in Section 2.4, and in the 
works of Sutton et. al. (1983). EBSD is commonly used to produce microstructural images, or 
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orientation maps, of a specimen grain structure. Together, EBSD and DIC techniques can then be 
used to relate the development of stain fields within a granular microstructure. In a recent study 
by Carroll et. al. (2010), fatigue crack growth in a nickel based superalloy, Hastelloy X, was 
studied using the combination of EBSD and DIC techniques. An example is illustrated in Figure 
1.1 and shows a high resolution DIC-measured strain field and the corresponding EBSD result of 
a close up of the material grain structure. Strain concentrations at specific grain boundaries are 
resolved.  
 
Figure 1.1 (Left) Contour plot of the residual fatigue-accumulated plastic strain     field – 
normal to the crack direction. (Right) Magnified portion of an area comparing the local 
microstructure from EBSD to the strain field from DIC (Carroll et. al., 2010). 
  
 In another study done by Efstathiou et. al. (2010), the experimental technique of DIC was 
used to correlate the strain development with the microstructure of plastically deforming 
titanium. The spatial distribution of the deformation from uniaxial cyclic tensile loading was 
observed at various scales such as the mesoscale (a few grains) and the macroscale (hundreds of 
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grains). In this work, strain heterogeneities with grains were ascertained at 50× optical 
magnification. Figure 1.2 shows a surface image of the titanium material at 50× magnification 
(far left), the DIC-measured axial strain field (middle), and its comparison to the microstructure 
(far right). 
 
       
Figure 1.2 The sample surface and the axial strain field at 50× magnification, and the 
approximate DIC subset size shown as a yellow filled square. The rightmost strain field is 
included to suggest the location of grain boundaries. (Refer to web version of paper for 
references to color in figure legend) (Efstathiou et. al., 2010) 
 
 More recently in the work of Rehrl et. al. (2011), austenitic stainless steel, grade A220, 
was used to measure the local in-plane strains and local crystal orientations for large plastic 
strains using a compression test. Measurements in this study were performed by DIC and EBSD 
to find local crystal orientation measurements to compare to the strain fields. Figure 1.3 shows 
an example comparison between the crystal microstructure and the local strain fields for both     
and     at 60% of strain for the compression test. 
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Figure 1.3 Local strain analysis of A220 deformed incrementally with compression test 
(compression direction perpendicular to image plane). Both images show steps up to 60% total 
macroscopic strain and the grain microstructure is shown with black lines in the image. The 
strain field on the left shows     and image on the right shows    . (Rehrl et. al., 2011) 
 
 Such previous research involving DIC and EBSD has shown great potential in relating 
strain field to microstructure, but there are still many uncertainties and questions about the 
methodology. DIC and EBSD are both surface measurements and involve two dimensional (2D) 
calculations. This fact brings attention to the question regarding the behavior and deformation 
evolution in the third direction, i.e.,the through-thickness direction. Another uncertainty that 
complicates the use of results such as those shown in Figures 1.1-1.3 is the lack of knowledge of 
the local properties of each of the grains, and the grain boundaries, within the granular 
microstructure. Macroscale testing of ceramics and metals allows for the bulk properties of the 
material to be calculated, but determining properties at the microstructure is more complex. 
Methods like nanonindentation, single crystal experiments, etc., have been used for this purpose 
(Liu et. al., 2005; Liu et. al., 2008; Lian et. al., 2009; Gerday et. al., 2011). However these 
experiments are complex to translate to the macroscale and often do not provide robust local 
elastic-plastic properties. Clearly, there is a lot of information that is obtained from such 
experimental techniques, but many aspects of the microstructure remain unknown. 
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1.2 Objectives of This Work 
 The main objective of this work is to address the limitations and unknowns in relating the 
local microstructure to the strain fields discussed above involving the combined use of the EBSD 
and DIC techniques (Bartali et. al., 2009; Carroll et. al., 2009; Carroll et. al., 2010; Field et. al., 
2010; Saai et. al., 2010; Efstathiou et. al., 2010; Rehrl et. al., 2011). Because of the lack of 
knowledge of the local and boundary properties of granular materials, we will conduct a series of 
experiments using a model “granular” material with highly controllable microstructure that will 
allow the development of well-controlled grain distributions with known grain and grain 
boundary properties. The microstructures will be geometrically similar to those appearing in the 
work of Carroll et. al. (2010) in which a granular pattern is used. The model material used is 
based on a polyethylene co-polymer that is highly sensitive to ultraviolet (UV) irradiation 
(Abanto-Bueno and Lambros, 2004); it is described in more detail in Section 2.1. In the setup 
employed in this work, the model material will be tailored to allow the development of 
intergranular failure at the grain boundaries and/or transgranular failure within the grains. Thus 
this material will address the lack of knowledge of local properties. We will exploit the material 
tailorability further by using very thin specimens which will both ensure uniformity of UV 
irradiation through the thickness and will bypass the issue of the evolution of failure in the third 
direction. Although perhaps not as directly relevant to thick structures, at least in our 
experiments the combination of microstructural information and strain evolution will not be 
influenced by subsurface phenomena. Finally, a common way of corroborating experimental 
results is through the technique of finite element analysis (FEA). A finite element model for each 
kind of experiment performed here will be developed in hopes of identifying an appropriate 
failure criterion to aid in the future tailoring of the model material.  
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In summary, the specific objectives of this work are to: 
(i) Study the mechanical response of well controlled microstructures where information 
regarding the local properties and boundary strengths are known a priori; 
(ii) Tailor the model material to produce different failure modes which will assist in 
understanding/controlling crack path development at the microscale; 
(iii) Develop finite element based numerical models which will correlate with 
experimental results regarding failure location and can assist in predicting failure in 
future tailored materials. 
 
1.3 Thesis Outline 
 The efforts in this thesis report experimentation on a highly tailorable polymeric material 
that will be used to achieve the objectives listed above. Chapter 2 describes the model material 
itself and how it is employed in this study to produce grain-like microstructures. For this 
purpose, the model material and fabrication parameters are based on the work of Abanto-Bueno 
and Lambros (2004). DIC is used to measure local strain levels, while macroscale response is 
determined through global force-displacement measurements. The DIC technique, along with the 
various other experimental details, is discussed in Chapter 2. Chapter 3 discusses the mechanical 
properties of the model material for different amounts of UV exposure and the results are 
compared with previous works. Chapter 3 also reveals the experimental results for three different 
granular specimens of the same microstructure but with different grain boundary strengths. 
Chapter 4 details the numerical model developed and reveals the results for each case of 
differing boundary strengths. The von Mises and Tresca failure criteria are also discussed in 
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analyzing the results and comparing against crack initiation. Chapter 5 provides the conclusions 
drawn from the overall research effort. 
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Chapter 2 
Experimental Techniques 
 
2.1 Material  
 In order to study the mechanical response of well controlled microstructures, 
polyethylene carbon monoxide, referred to as ECO, will be utilized as a model material to assist 
in analyzing the stress distributions in inhomogeneous granular media.  ECO is a photosensitive 
ductile co-polymer that is most commonly used in packaging, i.e.,plastic bags, food packaging, 
six pack soda rings, etc. It is also a photodegradable material whose mechanical response can be 
altered by wavelengths from sunlight, visible light, and most severely, UV light. ECO is a semi-
crystalline co-polymer that is in fact considered an enhanced degradable polymer in which 
exposure to UV light accelerates its mechanical degradation (Andrady, 1990). The 
photodegradable nature of ECO is enhanced by the addition of small amounts of photosensitive 
carbonyl groups [carbon monoxide (CO) ketones] to the backbone chain of low-density 
polyethylene, and results in a polyketonic structure [─(CH2CH2)n─(CO)x─] where n and x 
depend on the specific molecular content (Abanto-Bueno and Lambros, 2004).  In the present 
study, ECO containing 1 % wt.-carbon monoxide was used.  Following the work of Lambros et 
al. (1999), Li et al. (2000), and Abanto-Bueno and Lambros (2004), hours of ECO exposure to 
UV irradiation are varied to alter the mechanical properties in a controllable fashion. 
 The changes within ECO’s chemical and physical properties and structures are well 
understood (Trozzolo and Winslow, 1968; Hartley and Guillet, 1968; Heskins and Guillet, 1970; 
Li and Guillet, 1980; Torikai et. al., 1986; Nakatsuka and Andrady, 1994). The effect of UV 
light irradiation based on the thickness of ECO was studied by Furneaux et. al. (1981).  From 
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Furneaux’s investigation, it was shown that sheets of irradiated low-density polyethylene 
(LDPE) with thicknesses of 0.8 mm or smaller will undergo uniform irradiation through the 
material thickness.  In our work we use ECO sheets with a thickness ranging from 0.48 mm-0.51 
mm. In addition to ensuring uniform irradiation, and thus mechanical properties, such a thin 
sheet assists us in studying the stress distributions generated since the stress state is simplified 
from a three-dimensional (3D) to a two-dimensional (2D) plane stress condition. 
The low density polyethylene material was obtained from Hi-Cone, a division of Illinois 
Tools Works Inc., which also supplied the material for the studies of Lambros et. al. (1999), Li 
et. al. (2000), and Abanto-Bueno and Lambros (2004).  The material used in this investigation 
was acquired in 2003 and was used in the investigation of Abanto-Bueno and Lambros (2004). 
Through the studies of Lambros et. al. (1999) and Abanto-Bueno and Lambros (2004), it was 
determined that UV light exposure time varies the mechanical properties of ECO, which 
becomes more brittle as UV irradiation time increases.  Figure 2.1 shows uniaxial stress-strain 
curves from Abanto-Bueno and Lambros (2004) for ECO that was irradiated for varying hours. 
The unirradiated ECO specimen of 0 hrs shows very ductile behavior and has a failure strain of 
~900 % (testing was stopped at a strain of 360 % in this case). However, as the hours of UV 
exposure increase, failure strain decreases and the elastic modulus and yield stress increase, as 
seen in the inset of Figure 2.1.       
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Figure 2.1 Stress-strain curves displaying the effects of increasing irradiation time on ECO 
(Abanto-Bueno and Lambros, 2004). 
 
 
2.2 Specimen Preparation  
Although the ECO used here was stored for a period of years in a dry, dark and cool area, 
it may still have undergone some amount of degradation. Because of this risk, we cannot directly 
use the results of Abanto-Bueno and Lambros (2004) to design the inhomogeneous structures in 
this work using the properties of Figure 2.1. Consequently, the experiments performed by 
Lambros et. al. (1999), Li et. al. (2000), and Abanto-Bueno and Lambros (2004) were replicated 
to assist in understanding the mechanical behavior of the particular ECO used here. The first step 
in replicating these experiments started with the specimen fabrication.  The unirradiated ECO 
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was cut into dimensions for each appropriate testing scheme – tension and granular tension, 
using an X-ACTO blade and cutting mat.  Irradiation was done using a Cole-Palmer dual 
ultraviolet fluorescent table (Cole-Palmer Instrument Co., Vernon Hills, IL) after the material 
was cut into the appropriate dimensions for the different experiments.  This table utilizes six 
fluorescent tubes that emit UV light at a wavelength of 254 nm, which is in the appropriate range 
for optimal (fastest) degradation of ECO (Andrady et al., 1996).  Since the UV fluorescent tubes 
have an estimated lifetime of 1,000 hrs, the six tubes were replaced after every seven hundred 
hours of irradiation in order to keep a consistent intensity of irradiation for all samples.  The 
bulbs were replaced twice throughout the duration of this study, so the intensity can be assumed 
to be uniform throughout the irradiation processes. 
Specimen grips similar to those used in the work of Abanto-Bueno and Lambros (2004) 
helped prevent slipping and kept the specimen stationary while in the load frame. The specimen 
grips were made out of sandpaper and cardboard and were joined with hot glue and staples.  
When the irradiation pattern was completed, the specimen was placed in a refrigerator (45°F) 
until testing in order to assist in controlling any thermal or moisture effects. Particles of drierite® 
(anhydrous calcium sulfate) were used maintain a dry atmosphere inside the refrigerator 
(Abanto-Bueno and Lambros, 2004). Before testing, the specimen was removed and allowed to 
cool to room temperature in a dark environment.  
In order to measure in situ full-field strain, the optical technique of DIC was used (Sutton 
et. al., 1983). This technique requires a random speckle pattern to be applied on the surface of 
the material. Black spray paint was employed to achieve this pattern, and was applied by using 
linear strokes along the horizontal of the specimen. Once the specimen was covered with one 
light coat, it was left to dry for a few minutes and then another coat was applied using the same 
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technique. The spray can was held about 7 inches away from the specimen during the application 
of the speckle pattern. Details of the DIC portion of the experiment are given in Section 2.4. 
Finally, the ends of the material specimen were stapled between two sandpaper grips, and then 
attached to the machine for testing (described in Section 2.3).  More details regarding the tension 
and granular tension specimens are further discussed in the next sections.  
 
2.2.1 Uniaxial Tension Specimens 
 In the specimen fabrication of the uniaxial tension specimens, the unirradiated ECO was 
first cut into dimensions of 150 mm × 10 mm for the tension tests. After the UV exposure was 
applied to the material, specimen grips were made for the tension specimens. The grips measured 
out at 25 mm × 25 mm and were stapled to the top and bottom of the specimens. Figure 2.2 
displays the complete tension specimen with the applied speckle pattern, and the specimen grips. 
An enhanced view of the applied speckle pattern is provided for clarity.  
 
                                
Figure 2.2 Specimens for tension experiments (left) and a close up view of the speckle pattern 
from a sample tension specimen (right).  
 
10 mm 
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2.2.2 Granular Specimens 
 In the specimen fabrication of the granular specimens, the unirradiated ECO was cut into 
dimensions of 150 mm × 150 mm. The specimen grips differed in comparison to the simple 
tension specimens due to the fact that different machine grips were used for the granular tension 
tests. The sandpaper grips were cut into dimensions of 150 mm × 25 mm. Once assembled with 
the hot glue gun, holes were punched out of the granular specimen grips to accommodate for 
larger machine grips and the screws that are used to attach the grips. The left side of Figure 2.3 
shows the final specimen fabrication, including grips and speckle pattern. 
The granular specimens with UV exposure do not exhibit a uniform pattern like the 
tension specimens because the goal of this effort is to study the role of local and grain boundary 
inhomogeneities in the development and evolution of inhomogeneous material failure.  For this 
purpose, samples possessing an inhomogeneous “grain” pattern were developed by selective UV 
irradiation and appropriate masking. The irradiation pattern was achieved by varying irradiation 
exposures for certain parts of the material, including the regions corresponding to the granular 
boundaries. The right side of Figure 2.3 shows the random granular pattern, which involves 
grains and the grain boundaries.  The irradiation time of each granular region is denoted by the 
number within each grain. The granular template works as a puzzle in which all the individual 
grains and the boundary pieces can be placed on top of an ECO sheet during irradiation.  By 
placing and removing the required pieces, the irradiation pattern shown in Figure 2.3 can be 
obtained. The grains were irradiated for UV exposure times of 0 hr, 1 hr, 2 hr, 5 hr, and 10 hr as 
shown in Figure 2.3.  The grains’ (randomly chosen) irradiation exposure time was the same for 
all samples tested here, but the grain boundary areas were irradiated by either 1 hr, 10 hr, or 50 
hr, to produce differing amounts of grain boundary strength (toughness) – and tougher – grain 
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boundary.  These three cases will be labeled as the high, medium, and low boundary toughness 
experiments, respectively.  Figure 2.4 shows the grain boundary piece (blue), which covers the 
areas between the grains that were irradiated for three different cases. 
 
                      
Figure 2.3 Granular pattern template used for irradiation.  Numbers indicated within the grains 
reveal hours of UV irradiation. 
 
 
 
 
 
Boundary Irradiation 
Time (Hrs) 
Toughness 
1 High 
10 Medium 
50 Low 
Figure 2.4 Granular boundary of the UV irradiation pattern and the varying hours of irradiation 
with defined toughness. 
  
 
y 
x 
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 This type of grain structure is meant to simulate that of polycrystalline metallic materials. 
However, unlike the case of such materials, in this work we precisely control the material 
properties (both elasto-plastic and toughness) of both the grain and the grain boundary regions. 
Knowing the precise values of local properties will facilitate an in-depth understanding of the 
significance of material heterogeneity on failure evolution. In addition, it will allow for a detailed 
numerical simulation of the exact geometry and properties used in the experiments. 
 
2.3 Experimental Setup 
The machine used to perform the uniaxial tension tests was the screw driven MTS RT/30 
tabletop universal testing machine (MTS Systems Corp., Eden Prairie, MN), which uses 
displacement control conditions. All experiments in this study were done with a constant 
crosshead speed of 0.5 mm/min, consistent with the work of Abanto-Bueno and Lambros (2004).  
The load cells were varied for each test; the uniaxial tension experiments used a 100 lb load cell 
(Transducer Techniques Inc., Temecula, CA), while the granular experiments used a 200 lb load 
cell (Lebow Products, Troy, MI).  To control the MTS testing machine and acquire the crosshead 
displacement, load, strain, and stress at any given time, the universal testing software package 
TestWorks 4 ® (MTS Systems Corp., Eden Prairie, MN) was used on a Compaq desktop 
computer.  Before the start of each test for the granular experiments, a pre-load was applied until 
the material was flat. This was done in order to assist with the DIC technique by allowing a flat 
plane reference image to be initially taken. Once testing began, each of the experiments was 
tested until material failure occurred.   
For uniaxial tension experiments only, boundary loads were recorded and subsequently 
converted to stress and strain in the sample. Homogeneous uniaxial conditions were assumed 
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throughout, and successful experiments were considered those that failed away from the grip 
area. Throughout the duration of the granular experiments, images were taken automatically 
using a Sony IEEE 1934 digital CCD (model XCD-SC900, 1280 × 960 pixels resolution) and 
Labview control software. The frame rate for picture acquisition was determined by the fastest 
speed at which the computer can obtain the pictures. A setting of 1 frame/s was used for the high 
toughness granular test, and a setting of 1/3 frames/s was used for the medium and low 
toughness granular tests. The initial laptop that was used for recording stopped working mid-
experimentation, so a new HP desktop was used but had a slower picture acquisition rate due to a 
slower FireWire connection. The images were stored directly onto a separate computer from that 
controlling the load frame – namely a laptop/HP desktop computer using a FireWire interface. 
The images collected were subsequently used for obtaining DIC measurements (see Section 2.4).  
The data from the MTS machine stored in the Compaq desktop were later transferred to the HP 
desktop for analysis using Microsoft Excel and Matlab.  The synchronization between the two 
different computers, i.e.,pushing the start button on the HP desktop to begin picture storage and 
pushing start on the Compaq computer to begin testing, was done manually. The reaction time 
for testing or picture acquisition to begin by pressing the start button is almost instantaneous and 
can be assumed to be much less than 1 second if pressed at the same time. This is completely 
dependent on human response but it can be assumed that acquisition occurred instantly for all 
experiments. Figure 2.5 shows a photograph of the setup and computer connections used for 
these experiments. 
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Figure 2.5 Experimental setup of equipment used to carry out experiments. MTS machine 
connects to Compaq computer to acquire data from TestWorks and the Sony camera connects to 
the HP computer for image storage. 
 
 
 
2.4 Digital Image Correlation 
 Many optical techniques have been used in solid mechanics to assist in measuring the 
strain and displacement fields of a material.  One of the most commonly used optical techniques 
is that of DIC.  DIC was developed in the early 1980s at the University of South Carolina and 
was used to measure the full-field in-plane displacements and strains of a deformed body (Peters 
and Ranson, 1982; Sutton et. al., 1983; Peters et. al., 1983; Chu et. al., 1985).  The DIC 
technique has many advantages over other optical methods; one important advantage is the 
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simplicity of the DIC setup.  The only equipment needed for DIC is a computer, light source, and 
a digital CCD camera; the setup can be seen above in Figure 2.5.  
 The two dimensional DIC technique measures surface displacements and strains, i.e.,ux, 
uy, ∂ux/∂x, ∂uy/∂y, ∂ux/∂y, and ∂uy/∂x, by comparing a pair of images before and after 
deformation. After the pre-load was applied for each experiment, a reference image was taken 
before the start of the test and then images were taken throughout material testing (i.e., the 
deformed images). DIC requires that a distinct and random speckle pattern be visible on the 
material in order to achieve the digital comparison of images. The randomly speckled pattern on 
the surface can be produced either naturally (e.g., roughness) or artificially (e.g., paint).  
 
 
The measurements are done by matching small regions of the image, also called subsets, 
between the undeformed image, or reference image, and the deformed one. Figure 2.6 shows an 
illustration of subset matching in the DIC technique for a rigid body rotation in which a subset 
 
Figure 2.6 DIC technique for rigid body rotation of 30 with the subset compared in both images: 
a) undeformed b) deformed (Abanto-Bueno and Lambros, 2004). 
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size is defined and compared between the undeformed and deformed image.  The details of how 
the correlation is done will not be given here in the interest of brevity. The reader is referred to 
Sutton et. al. (1983) for more details. 
 One of the most important aspects in DIC is defining the subset size, since this effectively 
represents the gauge length over which displacement and strain measurements will be made.  As 
mentioned earlier, DIC compares (or correlates) the subsets throughout an undeformed image 
with a deformed image and produces an average value of surface displacements and strain fields 
over the subset.  If a large subset size is used, the DIC technique results in a more non-local 
measurement, and consequently, less sensitive displacement and strain gradients (specifically, 
they are underestimated).  If a smaller subset is used, the DIC technique, although providing a 
more local measurement, will be less able to converge to a correlated value.  Thus, generally it is 
advisable to use the smallest subset size that still allows sufficiently accurate correlation between 
reference and deformed images (Carroll et. al., 2009). These values, however, will depend on the 
pattern used.    
In the present work, the speckled pattern for DIC was achieved by using black spray paint 
(refer to Section 2.2). The typical settings used during image correlation were a subset size of 
51x51 pixels and a step size of 5 pixels between correlation points (i.e., the center points of the 
subset). Since we are interested in observing strain localization (i.e., large strain gradients) in a 
granular medium, the relative ratio of subset size to grain size will control how well we can 
resolve gradients at a sub-grain level (Carroll et. al., 2009). Figure 2.7 shows the subset and step 
sizes used in this work in relation to the grain and grain boundary sizes within the material 
manufactured. The subset size has to be large enough to ensure that there is a sufficiently 
distinctive pattern contained in the area used for correlation.  
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The granular pattern, including the boundary regions, is outlined in the image of Figure 
2.7 and the painted speckle pattern is also visible throughout. In each experiment the dimension 
and pattern were the same, so the same DIC parameters were used in the correlation. With these 
parameters, multiple subsets can be seen to fit within an average grain. The correlation yielded 
an average of 360 correlation points within a grain (assuming 120 pixel × 120 pixel grain sizes 
with subset size of 51 and step size of 5). These have been seen to be sufficient for sub-grain 
resolution measurements (Carroll et. al., 2009). 
 
 
Figure 2.7 Scale of observation: subset size and subset size with a sample grid of pixels 
compared to grain sizes.  
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Chapter 3 
Experimental Results  
 
3.1 Polyethylene Tension Results 
 The first set of experiments that were carried out were the ECO uniaxial tension tests for 
varying hours of irradiation.  A collection of stress-strain curves obtained for different hours of 
irradiation can be seen in Figure 3.1.  The uniaxial tension tests were done in order to identify 
any differences from the material used in Abanto-Bueno and Lambros (2004) which is nominally 
the same as that used here.  In Figure 3.1(a), the stress-strain curves display the overall 
mechanical behavior with a window of 250 % failure strain.  The unirradiated ECO reached 
failure strains in excess of 250 %.  While the failure strain of unirradiated ECO varied between 
900 % and 360 % in previous works (Lambros et. al., 1999; Abanto-Bueno and Lambros, 2004), 
the current unirradiated ECO failure strain reached a maximum value of about 500 %.  There 
was significant material scatter, perhaps more so in this case since the material used was in 
storage for several years, therefore the uniaxial stress-strain curves shown in Figure 3.1 are the 
curves that represent the closest test to average based on the high and low range of data taken. 
Tension testing results were compared between three to five tension tests per each hour of UV 
irradiation and the test that represented the average most closely was chosen.   
As mentioned in the previous section, each test performed was done under a controlled 
displacement of 0.5 mm/min.  To better visualize the mechanical property changes that occur 
with increasing UV exposure time, a smaller strain region has been plotted in Figure 3.1(b). 
From Figure 3.1(a) and (b), it can clearly be seen that, in general, the elastic modulus increases, 
the failure stress increases, and failure strain decreases with increasing irradiation time, thus 
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embrittling the material. This observation is similar to that in the work from Abanto-Bueno and 
Lambros (2004). 
 
 
(a) 
 
      (b) 
Figure 3.1 (a) Stress-strain curves for varying hours of UV exposure and (b) stress-strain curves 
for varying hours of UV exposure with a smaller strain window less than 20%. The arrow shows 
that the failure stress increases and the material becomes brittle as exposure time increases. 
 
The typical values of Young’s modulus, failure strain, and failure stress are presented in 
Figures 3.2, 3.3, and 3.4 as a function of irradiation time.  Each figure is plotted with scatter bars 
that graphically represent the spread from the high and low values from the individual 
experiments for each varying UV exposure time. In Figure 3.2 it is easy to discern that the 
Young’s modulus values increase proportionally with the hours of UV irradiation. The majority 
of the tests for this particular study were consistent as the scatter per each set of tests was small.  
The average failure stress, Figure 3.3, shows similar behavior to that of the Young’s modulus as 
the failure stress increases with an increase in UV exposure time; however, the scatter in the 
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average failure stress for each of the hours of irradiation is more pronounced, especially in the 
early hours of irradiation.  In Figure 3.4, we see that the failure strain decreases with increasing 
hours of irradiation and eventually levels out at ~10% for hours of irradiation exceeding 5 hrs.  
As for the case of the failure stress, the scatter is high during the early times of UV exposure but 
becomes quite diminished for UV exposure greater than 5 hrs.  From Figures 3.1-3.4, it is 
apparent that UV light exposure alters the mechanical response of ECO in a fashion very similar 
to that seen in previous works (Andrady, 1990; Andrady et. al., 1993; Li et. al., 1993; Ivanova et. 
al., 1996; Andrady et. al., 1996; Lambros et al., 1999; Li et al., 2000; Abanto-Bueno and 
Lambros, 2004). 
 
 
Figure 3.2 Average values of the Young's modulus as a function of UV irradiation time.  
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Figure 3.3 Average values of failure stress as a function of UV irradiation time. 
 
 
Figure 3.4 Average values of failure strain as a function of UV irradiation 
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One difference in comparing the present results with past results, such as those of 
Abanto-Bueno and Lambros (2004) shown in Figure 2.1, is in the measured values of Young’s 
modulus and failure stress.  The present results show values for both the Young’s modulus and 
failure stress lower than the past results, ~16 % and ~26 % respectively (Abanto-Bueno and 
Lambros, 2004).  However, the failure strain displayed almost identical results when comparing 
both studies. The explanation for such discrepancies is likely that the material used here, 
although identical to that of Abanto-Bueno and Lambros (2004), has been in storage for some 
years. Even though the storage was in a cool, dark, and dry place, some material degradation 
may have occurred. Nonetheless, for the state of the material used here we have demonstrated 
that ECO becomes more brittle, stiffer, and stronger with increasing UV exposure time. 
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3.2 Granular Force Displacement Results 
 The model 2D granular specimens were also tested in uniaxial tension. Three types of 
granular specimens, differing only by boundary irradiation times, were used. As mentioned in 
Section 2.2.2, 1 hr, 10 hr, and 50 hr grain boundaries were manufactured and were identified as 
high, medium, and low boundary toughness experiments, respectively. For each experiment, the 
applied load was recorded and plotted as a force-displacement curve. As mentioned in Section 
2.3, a small preload was applied in each case before the experiment started. Therefore the force 
data in each case were shifted to compensate for this (known) amount. A polynomial (5
th
 order) 
fit, was used as a means of shifting the curves in each case, and is seen as a solid black line for 
each test in Figure 3.5, which shows typical measured applied force-displacement curves for the 
high, medium, and low toughness specimens. The high boundary toughness strength resulted in 
the highest maximum force (524.6 N); however, the medium toughness experiment had 
maximum force of 451.4 N, while the low toughness experiment had a maximum force of 470.8 
N – higher than that of the medium toughness. This result might be attributed to material 
variability, which is considerable for irradiation times below 5 hr. Another intriguing result is the 
behavior of each experiment associated with the load drops after the main peak; the force-
displacement curve drops rapidly for the high toughness experiment but has a more gradual drop 
for both the medium and low toughness experiments.  This suggests a different failure evolution 
sequence in each case, and will be examined more closely in the following subsections with the 
aid of the real time images and DIC analysis performed in each case.  
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3.2.1 High Boundary Toughness - 1 Hr Irradiation 
The high toughness experiment demonstrated that the 1 hr UV exposure time on the 
boundary between the grains proved to be the strongest of the three experiments.  The force-
displacement curve exhibits several sudden drops in the load. The real time images are compared 
to various points on the force-displacement curve. Figure 3.6 shows the force-displacement curve 
and the points of load drops with the associated real time images displayed under the plot. When 
analyzing the data and images, locations P1 and P2 (“P” denoting pre-crack) show similar 
images in which material failure has not yet occurred.  Just after failure occurs, the first load 
 
Figure 3.5 Measured force-displacement curves for the high (1 hr), medium (10 hr), and low (50 
hr) toughness specimens with closer image of the polynomial fitted data marked with solid lines.  
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drop, location A1 (“A” denoting after-crack), shows that a crack developed within the 10 hr 
grain. This is the highest irradiation and therefore the most brittle grain, used in the current grain 
pattern (Figure 2.3). When this crack reaches the more ductile boundary (which has been 
irradiated for only 1 hr), it arrests and the force-displacement curve levels off. After additional 
applied displacement (recall that the experiment is conducted in displacement control) another 
load drop occurs. This is associated with the formation of another crack developing in another 10 
hr grain and is shown with location A2. The load continues to decrease and eventually these two 
cracks coalesce, extend, and then arrest at the next set of grain boundaries, resulting in the image 
shown for location A3. The last load drop is related to other crack developments in both a 5 hr 
and 10 hr grain that were a few seconds apart, and is denoted as location A4. The final order in 
which the cracks develop in this case is exhibited schematically in Figure 3.7, where the shaded 
blue circles with numbers display the order of crack occurrence. By comparing the force-
displacement curve with acquired real time images, the load drops were associated with the 
developments of cracks within the material. Additionally, the high boundary toughness only 
produced cracks within the grains, i.e.,transgranular failure. Note that all the cracks developed 
in this case are co-linear, indicating a 100 % transgranular crack growth. The main effect of the 
grain boundaries is to arrest cracks that have formed in the interior of the much weaker grains. 
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Figure 3.6 Force-displacement response of the high boundary toughness specimen with blue 
boxed locations showing the real time images below the graph (pre failure denoted as P1 and 
P2, and additional locations after initial failure marked with A1, A2, etc.) 
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Figure 3.7 Occurrence of cracks of the high boundary toughness in the order of which they 
appear throughout the test on an image of the granular template (order of crack occurrences 
marked with shaded blue circle).  
 
 
3.2.2 Medium Boundary Toughness - 10 Hr Irradiation  
The second set of granular samples were subjected to 10 hrs of UV exposure time on the 
boundary between the grains, thus embrittling the grain boundary region, and yielded a 
maximum force less than that of the high boundary toughness samples. In this case, the force-
displacement curve (Figure 3.5) shows a different behavior compared to the high boundary 
toughness experiment, namely a more gradual decrease after the peak load rather than a sudden 
drop as was seen in the high boundary toughness results.  Real time images were again taken 
during the experiment and selective images from different times were compared to the force-
displacement curve. Figure 3.8 shows the force-displacement curve and the points of load drops 
with the associated real time images marked with numbers at the times when they were taken. As 
before, in images P1 and P2, early on in the loading and right before peak load, no failure is 
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observed; during this period it is seen that the force-displacement curve has a nonlinear behavior. 
Immediately following the peak load, it was observed that the crack developed within the UV 
irradiated 10 hr boundary.  This crack is associated with the first load drop at location A1 of the 
force-displacement curve and its image, A1, is shown in Figure 3.8. This is in stark contrast with 
the previous case (the high boundary toughness) where failure initiated inside the grains. 
Seconds after the first crack developed, a second crack developed within a 10 hr irradiated grain 
and can be seen in image A1 in Figure 3.8 at the top left corner of the material. The remaining 
cracks that occurred for the medium toughness experiment are seen from locations at A2, A3, 
and A4 of the force-displacement curve. Analyzing the crack occurrences in sequence, it is 
apparent that there is a competition between the failure at the grain boundaries and within the 
grains themselves. The cracks form at different, and not coplanar, locations in the specimen 
either at the weakest boundaries or within the weakest grains (10 hrs). However, since both of 
the weakest grains and the grain boundaries have been irradiated by 10 hrs, they possess similar 
local properties. The force-displacement curve load drops are once again associated with crack 
development in either a boundary or a grain. The load drops, though, are much more gradual for 
the medium toughness experiments as the failure modes, i.e., intergranular and transgranular, 
compete with one another. The overall order of occurring cracks is displayed in Figure 3.9. 
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Figure 3.8 Force-displacement response of the medium boundary toughness specimen with red 
boxed locations showing the real time images below the graph (pre failure denoted as P1 and P2, 
and additional locations after initial failure marked A1, A2, etc.) 
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Figure 3.9 Occurrence of cracks for the medium boundary toughness in the order of which they 
appear throughout the test on an image of the granular template (order of crack occurrences 
marked with shaded red circle). 
 
 
 
 
3.2.3 Low Boundary Toughness - 50 Hr Irradiation 
The last granular experiment was performed on a sample with 50 hrs of grain boundary 
irradiation, which considerably embrittles the grain boundaries compared to the interior of grains 
which have undergone at most up to 10 hrs of irradiation. The force-displacement curve for this 
case (Figure 3.10) again demonstrates nonlinear behavior from the beginning of the tensile 
loading. and no failure prior to peak load is visually observed (Figure 3.10 location P1). Note 
that the white spots visible near the top of the images in Figure 3.10 are a result of a poor speckle 
pattern and should not be mistaken for cracks. The first crack developed after 6.3 mm of 
displacement at a location on a 50 hr irradiated boundary denoted by A1 on force-displacement 
curve and real time image. At loads corresponding to the markers A2, A3, and A4 on the load-
displacement curve, all of which are part of the gradual load drop, cracks developed within 
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seconds of each other starting first on a different 50 hr irradiated grain boundary, then within a 5 
hr irradiated grain, and finally a 10 hr irradiated grain, respectively. The last crack developed 
within a 10 hr grain and is denoted by marker A5. With the increase in grain boundary UV 
exposure, and consequently grain boundary embrittlement, the competition between 
intergranular and transgranular failure modes becomes evident, and has tilted more in the favor 
of intergranular failure. In this case, the first two cracks that developed occurred on different 
grain boundaries. The remaining cracks then fail within the grains. Figure 3.11 shows the order 
of crack development throughout the duration of the low toughness experiment. Cleary as the 
load is in the vertical direction, even though locally stresses will be inhomogeneous because of 
the local grain property changes, it is difficult for the cracks to grow exactly along grain 
boundaries. However, it might be expected that if UV exposure of the grain boundaries were 
considerably increased, this would suppress any failure within the grains and would result in 
strictly intergranular failure. Nonetheless, even in this case the initiation of failure is clearly 
intergranular, unlike the earlier cases. Recall that in all samples the grain properties (both elasto-
plastic and failure) were kept the same; it was only the grain boundary toughness that was 
tailored. 
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Figure 3.10 Force-displacement response of the low boundary toughness specimen with magenta 
boxed locations showing the real time images below the graph (pre failure denoted as P1, and 
additional locations after initial failure marked A1, A2, etc.) 
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Figure 3.11 Occurrence of cracks for the low boundary toughness specimen in the order of 
which they appear throughout the test on an image of the granular template (order of crack 
occurrences marked with shaded magenta circle). 
 
 
 
 
3.3 Digital Image Correlation Results 
 In addition to visual information described above, we can quantitatively measure local 
strain inhomogeneities using the optical technique of DIC on the three different granular 
boundary toughness experiments. As described in Section 2.4, a reference image was taken prior 
to the start of each experiment, and subsequent images of the surface speckle pattern (examples 
of which were shown in Figures 3.6, 3.8, and 3.10) were captured in real time during each 
experiment. In the next section we will compare the DIC-measured strain fields along with the 
force-displacement curves. The strain field that is looked at in these particular results is the strain 
in the direction of the applied load, in the y-direction,    . The importance of focusing on     is 
due to the direction of the load that resulted from applying the material under tension and the 
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information obtained from this strain field. The shear strains,    , and the strains in the x-
direction,    , were also measured using DIC but only selected images will be displayed for the 
high boundary toughness. The DIC results will help shed light on crack development and the 
strain fields prior to and after failure. 
 
3.3.1 High Boundary Toughness– 1 Hr Irradiation 
 Prior to failure we expect inhomogeneous strain and stress fields to develop because of 
the tailored granular structure of the sample. This does indeed occur, even at fairly small loads in 
the high boundary toughness case. A selected sequence of DIC-measured     strains can be seen 
in Figure 3.12; they have been taken at applied displacements of (a) 1.57 mm, (b) 3.57 mm, (c) 
5.57 mm, (d) 6.31 mm, (e) 6.79 mm, and (f) 6.90 mm. Note that after the last image shown in 
Figure 3.12(f), the DIC correlation fails because of the presence of multiple cracks with 
significant opening displacement. The DIC calculations following the high boundary toughness 
test begin from the end of the shifted data, which is shown as a dotted line. From this point, the 
strain field begins with the uniform strain of zero. As the displacement increases, the strain field 
develops inhomogeneously throughout the material. At 1.57 mm displacement, Figure 3.12(a) 
shows portions of the material reaching a strain of 1.25 %. Although the strain resolution is 
considerable, the strain localization does not specifically follow a particular grain boundary. As 
the displacement increases to 3.57 mm, a strain concentration begins to develop with a peak 
strain of 3.75 % near the middle right-hand side of the material as shown by Figure 3.12(b). The 
high strain region becomes more concentrated at 5.57 mm of applied displacement. Once the 
applied displacement reaches 6.31 mm, failure becomes visible and can be seen in Figure 3.12(d) 
as the secondary strain localization in the middle of the material. After the crack develops, a 
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strain field typical of a central crack is visible as depicted in Figure 3.12(e) (Anderson, 1995). 
Because there is a high strain concentration at the crack tip, the field region surrounding this 
concentration are overwhelmed by it, and thus it affects further failure directly coplanar with the 
original crack. Figure 3.12(f) displays this occurrence of the formation of another crack due to 
the high strain concentration from an existing crack.  
 The interesting result of this experiment demonstrates the fact that failure can occur 
outside a region of high strain concentration. In a homogeneous material, the material would fail 
at the point the strain is highest. Due to the local inhomogeneities of this material with the 
varying UV exposure times, failure can indeed occur in areas of lower strain as indicated in 
Figure 3.12(d).  
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Figure 3.12  Force-displacement response of the high boundary toughness specimen in relation 
to DIC strain measurements,    , for displacements of: (a) 1.57 mm (b) 3.57 mm (c) 5.57 mm (d) 
6.31 mm (e) 6.79 mm (f) 6.90 mm.  
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 As mentioned earlier, the shear strains and x-directional strains were also measured using 
DIC. Figure 3.13 shows two examples of strain fields with their respective strain measurements. 
The pictures in this figure are taken at the peak load where crack development begins. Figure 
3.13(a) and (b) shows the same exact time as in Figure 3.12(d) with a far field displacement of 
6.31 mm. Figure 3.13(a) shows the shear strain,     , and Figure 3.13(b) shows the x-directional 
strain,    . When analyzing these figures, the existence of an inhomogeneous field is present, but 
the figures do not give much information regarding strain concentration and crack initiation as 
the results in Figure 3.12. Therefore, the     field will only be shown for the remaining sections. 
 
  
  
Figure 3.13 DIC measurements of (a) the shear strain,    , and the (b) x-direction strain,    , at 
crack initiation with 6.31 mm of displacement. 
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3.3.2 Medium Boundary Toughness – 10 Hr Irradiation  
 Throughout the duration of the medium boundary toughness experiment, the strain fields 
show a more noticeable inhomogeneous behavior that better follows the grain boundary structure 
than previous experiments. Strain fields that display significant strain localizations are shown in 
Figure 3.14 at applied displacements of (a) 1.31 mm, (b) 4.31 mm, (c) 6.53 mm, (d) 6.87 mm, (e) 
7.58 mm, and (f) 9.31 mm. At 1.31 mm displacement, Figure 3.14(a) displays varying regions of 
the material reaching strains up to 1.16 %. An increase of displacement to 4.31 mm places the 
material under varying strains ranging from 1.16 % to 3.5 % (Figure 3.14(b)). At the peak load 
and displacement of 6.53 mm, Figure 3.14(c) does not detect high strains near the region of 
failure, but shows strain localization around the middle left region of the material with a peak 
strain of 5.83 %. It is not until the load drops and the material has undergone a displacement of 
6.87 mm that failure is detected by DIC. At this point, Figure 3.14(d) shows the appearance of 
three cracks with strain concentrations visibly surrounding the crack tips. One of the cracks 
appears in the upper portion of the material within a 10 hr irradiated grain. This crack was near 
the outer range of the real time image window, and DIC could not correlate the result for this 
crack because the speckles moved out of the field of view in comparison to the reference image. 
This behavior demonstrates that failure can occur outside a region of high strain concentration 
depending on the local properties. Figures 3.14(e) and (f) illustrate strain fields surrounding the 
cracks, including the crack outside of the DIC field of view. The high strain concentrations 
surrounding the crack tips overwhelm the surrounding areas and formations of new cracks 
appear. Figure 3.14(f) demonstrates this observation as three cracks develop one after another in 
a row due to the strain concentrations that develop from previous cracks.  
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Figure 3.14 Force-displacement response of the medium boundary toughness specimen in 
relation to DIC strain measurements,    , for displacements of: (a) 1.31 mm (b) 4.31 mm (c) 
6.53 mm (d) 6.87 mm (e) 7.58 mm (f) 9.31 mm. 
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3.3.3 Low Boundary Toughness – 50 Hr Irradiation 
 For the low boundary toughness experiment, the strain fields again show inhomogeneous 
behavior as expected. Strain fields that display a significant behavior of strain localization are 
shown in Figure 3.15 and include displacements of (a) 3.1 mm, (b) 5.1 mm, (c) 6.1 mm, (d) 6.6 
mm, (e) 6.9 mm, and (f) 7.1 mm. As the displacement increases to 3.1 mm, Figure 3.15(a) 
displays a small region of the material reaching strains up to 3.5 %. Figure 3.15(b) shows the 
material with an increase to 5.1 mm of displacement and this causes the low boundary toughness 
specimen to undergo varying strains ranging from 3.5 % to 6.42 % (Figure 3.15(b)). At the peak 
load and displacement of 6.1 mm, Figure 3.15(c) shows the DIC detection of high strains near 
the region of failure and shows strain localization surrounding it, with strains between 5.83% and 
7%. In this specific experiment, failure occurred within the region of high strain concentration as 
depicted in Figure 3.15(b) with the peak strain of 6.42 %. The formation of two cracks occurred 
at a displacement of 6.6 mm and shows peak strains up to 7 % as displayed in Figure 3.15(d). 
High strain concentration from these cracks lead to the development of additional failures that 
occur within areas aware of such crack tip concentrations. Figures 3.15(e) and (f) show the 
development of multiple cracks within these areas of high strain concentrations up to 7 %. In the 
low boundary toughness experiment, a magnitude of failures developed within the material and 
the initial failure occurred within the high strain concentration region prior to crack visibility. 
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Figure 3.15 Force-displacement response of the low boundary toughness specimen in relation to 
DIC strain measurements,    , for displacements of: (a) 3.1 mm (b) 5.1 mm (c) 6.1 mm (d) 6.6 
mm (e) 6.9 mm (f) 7.1 mm. 
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Chapter 4 
Finite Element Analysis 
 
4.1 Numerical Setup 
4.1.1 Interface and Interphase Models 
In order to assist with the overall study of the inhomogeneous granular specimen, 
numerical models were created using the finite element program, ABAQUS 6.10. The numerical 
development first began with the creation of a model database, followed by a model of the 
geometry consisting of a rectangle with dimensions of 100 mm × 150 mm, i.e., the dimensions of 
the actual ECO granular specimen excluding the grip areas.  
Two different designs were used, the interface and the interphase models. The granular 
templates following the actual arrangement used in the experiments were sketched onto the 
rectangular geometry (using the partition function while in sketch mode) for both models. The 
interphase model, which can be seen in Figure 4.1 with a mesh pattern superposed on it (see 
Section 4.1.4), approximates the experimental granular specimen a bit more closely. This is 
because, in addition to separate grains of different irradiation time, it allows for finite areas 
around the grain boundaries to have distinct properties of their own. The width of these grain 
boundaries in the experiments were typically around 3 mm; however, because of the likelihood 
of UV light scattering around the edges of the template used for irradiation, the interphase 
boundary region will be larger than the nominal 3 mm. Thus the boundary width will become a 
parameter that will be varied to investigate what effect it will have on the resulting specimen 
response. For a benchmark comparison we will also consider the case of zero grain boundary 
thickness, what we term the interface model, which is seen in Figure 4.2, accounts for different 
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grain irradiation only. In both cases the numerical results obtained will not account for material 
failure, but the interface model will be able to account for the mechanical effects introduced by 
the differing elasto-plastic properties of the boundary interface region. 
 
 
 
 
 
 
 
 
Figure 4.1 Interphase model used for finite element simulations. In this model, the grain 
boundaries show irradiation of 1 hr. Color key for each irradiation time can be seen to the right.  
 
Figure 4.2 Interface model used for simulation. In this model, the grain boundaries are excluded. 
The color key for the rest of the grains can be seen to the right. 
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4.1.2 Material Property Allocation 
 After the geometric design of the numerical model, the material properties were defined 
and assigned to the different grains and boundaries. The property module within ABAQUS was 
used to define properties of varying mechanical response corresponding to different UV 
irradiations. Various sections were then created by assigning the material properties to a 
particular geometry of the model using the experimental configurations described in Section 
2.2.2. Five different material models were created corresponding to 0 hr, 1 hr, 2 hr, 5 hr, and 10 
hr irradiation. The properties used in the model were obtained from the typical stress-strain 
curves of each of these hours of irradiation as measured experimentally (Figure 3.1), i.e., the 
nominal stress-strain curves. In order for ABAQUS to interpret the data correctly, the true stress 
and strain values were calculated. The true strain was calculated by converting the experimental 
strain data to the true strain using: 
 
where    is the natural log function,   is the true strain, or total strain, and       is the nominal 
strain. The true stress,  , was calculated by:  
 
where      is the nominal stress and      is the nominal strain, which were acquired from 
experiments. Both the elastic and plastic properties were defined in separate inputs within the 
property module. For the elastic portion, the required properties were the material’s Young’s 
modulus and the Poisson’s ratio. The Young’s modulus was calculated using the elastic portion 
  
           (      ) (4.1) 
       (      ) (4.2) 
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of the stress-strain curves. The Poisson’s ratio was taken to be υ = 0.45 based on Abanto-Bueno 
and Lambros, (2004). For the plastic portion, the yield stress and corresponding plastic strain 
(beginning from zero plastic strain) were input in a tabular fashion. The plastic strain,    , was 
calculated using:  
 
where        is the total strain calculated from equation 4.1 and     is the elastic strain calculated 
using equation 4.2 but using the true yield stress,   , divided by the material Young’s modulus, 
 . Table 4.1 shows the Young’s modulus for the varying materials as well as the true yield 
stress. Based on the tabulated values of the uniaxial plastic stress strain law, ABAQUS employs 
a J2 theory. ABAQUS uses this J2 deformation theory of plasticity with a power law hardening 
material (Ramberg-Osgood) for the model of the experimental data of plastic strain that was 
provided. Yield is assumed to occur based on the von Mises yield criterion. In all cases small 
strain theory was assumed to apply even though the strains in the material can become very 
large. This strain behavior tends to happen towards the end of the experiments after failure has 
occurred, which is a regime not investigated in this numerical analysis. Furthermore, all 
experimental data of stress strain curves have been obtained assuming small strains.  
 
Table 4.1 Young’s modulus and true yield stress values for different hours 
of irradiation used for numerical properties 
Varying UV Exposures 
(Hrs) 
Young’s Modulus 
(MPa) 
True Yield Stress 
(MPa) 
0 150.38 3.875 
1 157.12 2.392 
2 160.93 1.824 
5 172.55 1.925 
10 189.85 2.107 
  
                     
  
 
 (4.3) 
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 Different material properties are assigned to the different sections within the granular 
medium as described above. By assigning sections, each of which is individually defined as a 
solid and homogeneous, plane stress conditions are assumed, since our sample thickness is small. 
The nominal sheet thickness is taken as 0.48 mm, but in our measurement it actually varies from 
0.48 mm to 0.51 mm. In fact, it is often somewhat difficult to accurately measure the thickness 
since the compliance of ECO produces an underestimate of the thickness if too much force is 
applied on the micrometer used to make the measurement. Therefore, in the numerical 
simulations the thickness will also be parametrically varied form 0.48 mm to 0.51 mm. 
 
4.1.3 Boundary Conditions 
 The next step in the analysis consisted of defining the appropriate boundary conditions to 
simulate the experimental set-up. The loading in the experiments was conducted under 
displacement control conditions at a rate of 0.5 mm/min. As the material is very compliant with 
respect to the load frame, it is assumed that the entire displacement occurs at the gauge section. 
In addition, since the rate is very slow, even compared to the wave speeds in this compliant 
polymer (Abanto-Bueno and Lambros, 2004), quasi-static loading is assumed in the simulations. 
Therefore, in order to simulate this loading, the entire bottom edge of the model was held fixed 
in the vertical direction, i.e.,     . Additionally, in order to fix the model in space, the bottom 
left corner was set not to move in the horizontal direction as well, i.e.,   (   )   . Because the 
experimental SENT tests involved displacement control, the displacement in the y-direction was 
defined for each simulation for displacements up to 6.3 mm (the average displacement right 
before failure). In this fashion, since displacement is applied to the model, the resulting load can 
be monitored and can be considered an output of the simulation, and it can be compared to the 
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load measured experimentally. Figure 4.3 schematically illustrates the boundary conditions 
applied to the numerical model.  
 
Figure 4.3 Interphase model showing applied boundary conditions. The entire bottom edge 
has     ; the bottom left corner also has      , and the entire top edge a     specified 
displacement (in mm) as recorded from the experiments. 
 
 
4.1.4 Mesh 
 The last step in carrying out the numerical simulation was defining the mesh on the 
model. The entire sample was meshed since there is no symmetry in this problem. Because the 
accuracy of the results depends on the meshing of the assembly, several mesh refinement tests 
were done to ensure that the final mesh employed had results that were converged. Quadratic 
elements were used for all test meshes, and each had an average nodal distance of 6 mm (Figure 
4.5(a)), 5 mm (Figure 4.5(b)), 4 mm (Figure 4.5(c)), 3 mm (Figure 4.5(d)), 2 mm (Figure 4.5(e)), 
Y
X
Uy
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and 1 mm (Figure 4.5(f)). Depending on the location, the nodal distance can increase or decrease 
in order to fit the geometry properly; a nodal distance greater than 7 mm would cause the 
simulation to fail due to the large elements.  
 Two methods of evaluating mesh convergence were used, one global and one local. 
Globally, the load output from the simulations was used to compare with experimentally 
measured values. Therefore we investigated whether this load had converged while refining the 
mesh. In addition, the local stress distribution was also used as a measure of convergence with 
mesh refinement. The reaction force values for varying meshes were taken at all the top edge 
nodes individually and then summed to get the total force applied for a given applied distance. 
For all of the different meshes used, the force-displacement curves appear identical from afar, as 
can be seen in Figure 4.4. Zooming into the curves in Figure 4.4 shows that the meshes with 
average nodes of 1 mm, 1.3 mm, and 1.5 mm converge. Due to the convergence of the different 
mesh sizes, there is great confidence toward the force-displacement curves developed for each 
simulation (interphase and interface). 
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Figure 4.4 Mesh convergence for varying average nodal displacements for interphase model. 
  
 The second mesh convergence test that was used involved comparing the stresses in the  
y-direction,   , for each mesh. The stress fields were compared for 6 mm of applied 
displacement, i.e.,well along the load-displacement curve but before initial failure, and contours 
of     can be seen in Figure 4.5. In contrast to the load-displacement curves where convergence 
occurred from 1.5 mm of average nodal distances, when looking at Figures 4.5(a)-(f), we see that 
the stress field is not clearly defined for the coarser meshes. As the nodal distances decrease, the 
stress fields take on a more defined shape. Figures 4.5(e) and (f) show mesh convergence as the 
stress fields are nearly identical. Therefore the mesh that was used for the remainder of the 
numerical simulations was the 1 mm nodal distanced mesh, corresponding to the stress state in 
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Figure 4.5(f), which produced 19,003 elements within the model.  Figures 4.5(a)-(e) produced 
1,016; 1,243; 1,758; 2,661; and 4,799 elements respectively.  
 
  
  
  
 
 
Figure 4.5 Numerically simulated stress fields produced for 6 mm of displacement for varying 
meshes of different nodal distances: (a) 6 mm, (b) 5 mm, (c) 4 mm, (d) 3 mm, (e) 2 mm, and (f) 
1 mm. These images were used as a mesh convergence test to choose which mesh to implement. 
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4.2 Numerical Results 
 Numerical simulations were performed for both the interface and interphase cases. For 
the interphase model, only boundary irradiations of 1 hr (high boundary toughness, Section 
3.2.1) and 10 hr (medium boundary toughness, Section 3.2.2) were considered. The low and high 
range of the material thickness measured was used in simulation (i.e.,0.48 mm and 0.51 mm) and 
the boundary width was varied form 3 mm to 6 mm, since as explained earlier it will in general 
be larger than the 3 mm gap used in the mask to make the samples. The following sections 
present the numerical simulation results in comparison to the experimental results. 
 
4.2.1 Interface Model 
 The first numerical simulation was the interface model which essentially neglects the 
influence of the grain boundary thickness in the development of the stress field. The simulation 
was performed for a displacement of 6 mm (displacement prior to failure). Note that in this case 
there is one curve for all experiments since the grain irradiation pattern is the same in all cases 
and we are ignoring any boundary thickness effects for the numerical interface model. The 
simulated force-displacement curve was plotted against the experimentally recorded one for the 
high, medium, and low boundary toughness specimens. Figure 4.6 shows the numerical interface 
model results, dashed green line, for a specimen thickness of 0.51 mm. Although the interface 
model agrees well with the low boundary toughness case, the comparison with the high and 
medium boundary toughness experiments is not as good. In order to distinguish between 
different boundary irradiations (since our model does not incorporate failure simulation), we use 
an interphase model. 
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Figure 4.6 Interface model with a thickness of 0.51 mm plotted against actual experiments. 
 
 
4.2.2 Interphase Model - High Boundary Toughness  
 For the high boundary toughness model, four different cases were simulated that used the 
low and high range values of the material thickness (0.48 mm and 0.51 mm) and of the boundary 
widths (3 mm and 6 mm). The results of the four different simulations can be seen in Figure 4.7 
along with the corresponding experimental curve. The sensitivity of the results to the boundary 
width is small compared to the sensitivity to the sample thickness. As the sample thickness 
increases, the simulation results approach closer to the experimental values, although generally it 
is as accurate as the interface model shown earlier. It is worth remembering that between 0 and 5 
hrs of irradiation there is significant material variability in ECO properties (Figures 3.2-3.4).  
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Figure 4.7 Interphase high boundary toughness simulations compared to actual. Simulation 
included low and high range of the material thickness (0.48 mm and 0.51 mm) and the boundary 
widths of 3 mm and 6 mm. 
 
  
 Since the force-displacement curve increases with increasing thickness, the material 
thickness in the simulations was increased further to determine if a particular thickness value 
would better represent the experimental results. This parametric behavior on sample thickness 
can be seen in Figure 4.8. As the thickness increases, the force increases but none of the plotted 
results adequately capture the beginning of the experimental force-displacement curve, although 
at later stages the results from the 0.58 mm sample thickness agrees with the experimental 
results. In this model, the curve that had the best identical behavior was the 0.58 mm thickness 
with 3 mm boundary width. 
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Figure 4.8 Interphase high boundary toughness simulations with increasing thickness compared 
to actual. 
 
 
4.2.3 Interphase Model - Medium Boundary Toughness  
 For the medium boundary toughness model, the same four cases were simulated, i.e., the 
low and high range values of the material thickness (0.48 mm and 0.51 mm) and of the boundary 
widths (3 mm and 6 mm). The results of the four different simulations as well as the 
corresponding experimental measurements can be seen in the force-displacement plots of Figure 
4.9. The simulation results from using a sample thickness of 0.48 mm and boundary width of 3 
mm (black line) compared the best to the actual experiment. From the results in the medium and 
high boundary toughness model, the variations in the boundary width did not play a significant 
role in the model but it is clear that material thickness indeed plays a great role in trying to 
simulate the experimental results.  
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Figure 4.9 Interphase medium boundary toughness simulation compared to actual. Simulation 
included low and high range of the material thickness (0.48 mm and 0.51 mm) and the boundary 
widths of 3 mm and 6 mm. 
 
 
4.3 Failure Criteria 
 After comparing the experimental and numerical force-displacement data which showed 
similarities, we attempt to determine in the models where failure, i.e., crack initiation, would 
occur. We will use the standard, for metallic materials, yields criteria of von Mises or Tresca to 
access failure initiation. An applied displacement value of 6.3 mm was used for the simulation 
which was the common experimentally recorded displacement value immediately prior to failure 
development, i.e., when the initial drop in the load was recorded. From the simulations, the von 
Mises, or the equivalent stress, and the maximum shear stress were obtained. 
 As discussed in chapter 3, the high boundary toughness experiment developed the first 
two cracks inside 10 hr irradiated grains followed by crack initiation in a 5 hr and then another 
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10 hr irradiated grain. The sequence can be seen in the schematic microstructure of Figure 
4.10(a) which shows the sequence of crack development. The von Mises stress obtained from 
simulation corresponding to this experiment, presented in Figure 4.10(b), shows stress 
concentrations in several areas but all within grains of the material. Three of the highest 
concentrations are seen in the three grains that had cracks occur within them in the experiment. 
In contrast with the maximum shear stress (Figure 4.10(c)), it is apparent that there is a high 
concentration within the 10 hr irradiated grain in which failure first developed. However with 
both failure criteria the general areas of failure development can be predicted. However, we do 
not at this stage have a one-to-one correspondence between the magnitude of the critical values 
of boundary strength and the von Mises or Tresca failure parameters. It may be possible to 
extend this failure prediction further by adding a cohesive-type failure response (Kandula et. al., 
2006) to the grain boundary region that would draw the cohesive properties from the a priori 
known mechanical characterization of the grain boundaries.  
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                                   ( Pa) 
Figure 4.10  a) The order of crack initiation, shown by numbers, for the high boundary 
toughness experiment; b) Von Mises yield criterion displaying areas of high equivalent stress; c) 
Tresca max shear stress yield criterion displaying areas of high max stress. 
 
 The medium boundary toughness experiment first developed cracks within the 10 hr 
boundary and grain just seconds after one another (Figure 4.11(a)). The remaining cracks 
initiated within the boundaries and grains. Looking at the results for the equivalent stress at the 
instant of failure initiation in Figure 4.11(b), we see concentrations within grains as well as 
boundaries – in contrast with the results for the previous experiment. The 10 hr grain and 
boundary in which the first two cracks develop clearly show high stress concentrations. The 
maximum shear stress shows similar behavior, but also shows concentrations at the location of 
the first two crack occurrences as well as other more defined areas (Figure 4.11(c)). It is a bit 
more difficult to tell where crack development will occur as large areas of the grain boundaries 
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show high yield concentrations as well as some grains themselves. However, the analysis does 
confirm the fact that there is a competition between intergranular and transgranular failure. In 
addition, in Figures 4.11(a) the formation of “force chains” becomes evident. These are 
collections of grains that because of their alignment to the loading direction (or in this case their 
local properties) are more favorably inclined to carry more stress than their neighbors (but may 
have more or less strain than their neighbors depending on their local constitutive response). 
Series of grains roughly aligned in the vertical direction act synergistically to carry larger 
amounts of the applied load. Such force chains are visible in Figure 4.11(a) as the vertical areas 
of high stress concentration. 
 
  
 
   ( Pa) 
 
    ( Pa) 
Figure 4.11  a) The order of crack initiation, shown by numbers, for the medium boundary 
toughness experiment; b) Von Mises yield criterion displaying areas of high equivalent stress; c) 
Tresca max shear stress yield criterion displaying areas of high max stress. 
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Chapter 5 
Conclusions and Future Work 
 
 The main objectives of this work were to study the mechanical response of well 
controlled microstructures, tailor the model material, ECO, to create different failure modes, and 
use numerical models to validate the experimental results. Knowledge of the local grain and 
grain boundary properties led to additional studies towards different arrangements that can 
experimentally help study crack path selection problems. The results obtained in this work 
illustrate, at the macroscale and the microscale, the influence of local microstructures in relation 
to the development of strain fields, while bypassing the issue of through-thickness effects by 
using very thin samples. 
 Given the variability of the material, ECO, uniaxial tension tests were carried out for 
different irradiation times in order to assess the effects of UV exposure on the mechanical 
properties of our particular batch of ECO. In previous works (Abanto-Bueno and Lambros, 
2004), it was seen that with increasing irradiation time,  the elastic modulus increases, the failure 
stress increases, and failure strain decreases, thus effectively embrittling the material. 
 Exploiting the tailorability of ECO based on UV exposure time allowed for the 
development of a granular pattern with controllable grain and grain boundary elasto-plastic and 
failure properties. The specimen design included grains and grain boundaries similar to the 
microstructure of a metal and worked as a puzzle in which all the individual grains and the 
boundary pieces could be placed on top of an ECO sheet during irradiation. For a given grain 
structure, UV exposure on the grain boundaries was for 1 hr, 10 hr, and 50 hr. Knowledge of the 
local properties, and the assumption that the UV irradiation is uniform throughout the material, 
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addressed the issues raised in the introduction regarding the combined use of DIC and EBSD 
techniques in previous studies (Zhang and Tong, 2004; Matin et. al., 2006; St-Pierre et. al., 2008; 
Hatamleh et. al., 2009; Carroll et. al., 2010; Rehrl et. al., 2011). 
 In the case of the 1 hr grain boundary irradiation, i.e., high boundary toughness, the DIC 
results demonstrate the fact that, depending on local toughness, failure can occur outside a region 
of high strain concentration. In a homogeneous material, the material would fail at the location 
where the strain/stress is the highest. Because of the local (tailored) inhomogeneities of this 
material, failure occurred in areas of lower strain – in this particular case only with grains. It is 
notable that the high boundary toughness only produced cracks within the grains, i.e., failure was 
solely transgranular, and produced rapid drops in the far field load. Also, all cracks developed in 
this case are collinear, denoting a 100% transgranular crack growth.  
 For the 10 hr grain boundary irradiation, i.e., medium boundary toughness, the behavior 
of this experiment contrasts greatly with the high boundary toughness since failure initiated 
inside the grains. For medium boundary toughness, there is competition between the failure at 
the grain boundaries (intergranular) and within the grains themselves (transgranular), which 
causes the macroscale load drops to be much more gradual than the case of high boundary 
toughness. The material behavior in this experiment again demonstrates that failure can occur 
outside a region of high strain concentration depending on the local properties.  
 The 50 hr grain boundary irradiation experiment, i.e., low boundary toughness, illustrated 
that the increase in irradiation considerably embrittled the grain boundaries compared to the 
grain interior which underwent a (local) maximum of only 10 hr of irradiation. With this 
increased brittleness, intergranular failure becomes more pronounced, although the competition 
between the two failure modes persists. The first two cracks that developed in this case occurred 
64 
 
on a grain boundary, so failure initiation was intergranular, as expected. However, as these initial 
cracks arrested because of constraints by the surrounding material, the remaining cracks formed 
in grain interiors, making the rest of the failure event transgranular. It is expected that any further 
increase in UV exposure time of the grain boundary regions results in increased amounts of 
intergranular failure – perhaps exclusively so for large irradiation times. However, because of the 
length of time involved in specimen preparation, this notion was not pursed in this study.  
 Numerical analysis of two different models, interface and interphase, while varying 
settings of boundary widths and material thickness enabled the development of models that 
closely represent the experimental results. The macroscale force-displacement curves shown in 
the interface model resulted in a well-served representation of the low boundary toughness 
specimen. However, the interface model did not compare well to the high and medium boundary 
toughness experiments, as it does not include the presence of the boundaries themselves; 
therefore, the interphase model was used to simulate the two remaining cases. For the high 
boundary toughness experiment, the interphase model for a 0.58 mm thickness sample with a 
3mm boundary region width showed similar behavior to the actual force recorded. The medium 
boundary interphase model for the same parameters showed the best comparison to the actual 
experiment. The von Mises and Tresca failure criteria that were applied to the simulation results 
produced good agreement with the observed failure initiation sites. Although a polymeric 
material was used here, each criterion showed high magnitudes of stress near the areas where 
failure occurred in the experiments.  
 The results produced from this study have provided an increased knowledge of the effects 
of UV exposure on ECO. The tailored pattern of the microstructure of a metal served as a 
starting point for the granular specimens developed in this work, and in tailoring the grain and 
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grain boundary structure to understand failure mode competition and to control crack path 
development, a significant amount of information was gathered. Additionally, the finite element 
simulations yielded promising results that validated the experimental aspects of this study. 
 Regarding future efforts, additional experimental and numerical work is needed to further 
confirm the findings related to transgranular and intergranular failure. Specific to the 
experimental aspect, higher irradiation experiments will help confirm failure modes and gain 
additional understanding of the manner in which failure develops. Using higher irradiation 
exposure times than the lower exposure times used in this study will help towards the 
development of controlled crack path materials. Regarding future numerical work, additional 
models need to be developed utilizing higher exposure times and different patterns. Following 
the simulations of such models, experimental testing can help validate such numerical results and 
potential failure prediction. In order to predict material failure, a cohesive failure model can be 
used to simulate fracture in ECO based from the work of Kandula et. al (2006). As mentioned in 
Section 4.4, a cohesive-type failure response can be added to the grain boundary region that 
would draw the cohesive properties from the a priori known mechanical characterization of the 
grain boundaries. Following the determined cohesive properties, a finite element work can be 
used to implement a cohesive model to help predict crack initiation and propagation (Kandula et. 
al., 2006). 
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